Genome-wide association studies (GWAS) are a powerful means of identifying genes with disease-associated common variants, but they are not well-suited to detecting genes with disease-associated rare and low-frequency variants. In the current study of Behçet disease (BD), nonsynonymous variants (NSVs) identified by deep exonic resequencing of 10 genes found by GWAS (IL10, IL23R, CCR1, STAT4, KLRK1, KLRC1, KLRC2, KLRC3, KLRC4, and ERAP1) and 11 genes selected for their role in innate immunity (IL1B, IL1R1, IL1RN, NLRP3, MEFV, TNFRSF1A, PSTPIP1, CASP1, PYCARD, NOD2, and TLR4) were evaluated for BD association. A differential distribution of the rare and low-frequency NSVs of a gene in 2,461 BD cases compared with 2,458 controls indicated their collective association with disease. By stringent criteria requiring at least a single burden test with studywide significance and a corroborating test with at least nominal significance, rare and low-frequency NSVs in one GWAS-identified gene, IL23R (P = 6.9 × 10 ), were associated with BD. In addition, damaging or rare damaging NOD2 variants were nominally significant across all three burden tests applied (P = 0.0063-0.045). Furthermore, carriage of the familial Mediterranean fever gene (MEFV ) mutation Met694Val, which is known to cause recessively inherited familial Mediterranean fever, conferred BD risk in the Turkish population (OR, 2.65; P = 1.8 × 10
−12
). The disease-associated NSVs in MEFV and TLR4 implicate innate immune and bacterial sensing mechanisms in BD pathogenesis.
complex genetics | genetic association B ehçet disease (BD) is a multisystem inflammatory disease characterized mainly by recurrent orogenital ulcers, uveitis, and skin inflammation (1) . Genetic factors are involved in the pathogenesis of the disease. In addition to the human leukocyte antigen gene encoding B*51 (HLA-B*51), genome-wide association studies (GWAS) have identified common variants in regions encompassing the major histocompatibility complex class I genes, IL10, and IL23R-IL12RB2 associated with BD in both the Turkish and Japanese populations (2, 3) . Moreover, a GWAS with imputed genotypes identified the C-C chemokine receptor 1 gene (CCR1), STAT4, a region encompassing five genes encoding the killer cell lectin-like receptor family members, K1, C1, C2, C3, and C4 in the natural killer gene complex (KLRK1, KLRC1, KLRC2, KLRC3, and KLRC4), and the endoplasmic reticulum aminopeptidase gene (ERAP1) associated with BD (4) . Although the GWAS is a powerful means for identifying common variants associated with complex disease, it is generally ineffective in identifying associations resulting from rare (minor allele frequency [MAF] < 1%) and low-frequency (MAF = 1-5%) variants.
It has long been debated whether the innate immune system is involved in the pathogenesis of BD (1) . Clinical manifestations such as episodic inflammation and neutrophil recruitment to the sites of inflammation strongly suggest that the innate immune response is a major contributor, although genetic evidence to support this hypothesis is lacking.
Recent advances in sequencing technology are allowing investigators to resequence selected genes to discover variants in large collections of patients with complex genetic traits and genetically matched control participants (5-9). The strength of this strategy is that rare and low-frequency coding variants are likely to influence protein function (6, 10) , and therefore influence disease risk. To determine whether rare and low-frequency variants are associated with BD, we performed deep resequencing of 10 GWAS-identified genes (IL23R, IL10, CCR1, STAT4, KLRK1, KLRC1, KLRC2, KLRC3, KLRC4, and ERAP1) and 11 genes known to have roles in innate immunity [IL1B, IL1R1, IL1RN, the nucleotide-binding oligomerization domain, leucine-rich repeat, and pyrin domain containing protein-3 gene (NLRP3), the familial Mediterranean fever gene (MEFV), the TNF receptor super family 1A gene (TNFRSF1A), the proline-serine-threonine phosphatase interacting protein gene (PSTPIP1), the caspase 1 gene (CASP1), the PYD and CARD domain gene (PYCARD), the nucleotide-binding oligomerization domain 2 gene (NOD2), and the toll-like receptor 4 gene (TLR4)]. To whom correspondence may be addressed. E-mail: remmerse@mail.nih.gov or kastnerd@ mail.nih.gov.
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Results

Discovery and Validation of Rare and Low-Frequency Nonsynonymous
Variants in Targeted Genes in Japanese Samples. In the first stage, 382 Japanese case participants and 384 matched control participants from the previously reported GWAS (3) were used for rare and low-frequency variant discovery by resequencing (Fig. S1 ). These samples were evenly divided into 16 DNA pools, with up to 48 samples per pool. Exons of the targeted genes (45.7 kb of targeted regions total) were amplified by PCR performed on each DNA pool. The PCR products from a single DNA pool were combined and sequenced on a Genome Analyzer IIx (Illumina). We analyzed the sequence data with CASAVA 1.6 software (Illumina) and identified putative low-frequency variants (Materials and Methods). To evaluate the sensitivity of this method, Sanger sequencing was performed as the gold standard on the IL23R exons of 94 Japanese individuals (46 case participants and 48 control participants) from 2 of the pools. We detected all of the validated rare and low-frequency variants that we found by resequencing these pools, and no additional variants were identified.
All of the nonsynonymous-coding rare and low-frequency variants were genotyped in the individual samples of the sequenced pools by TOF-MS genotyping (iPLEX, Sequenom) or TaqMan genotyping assays (Applied Biosystems) and were also genotyped in the remaining Japanese BD collection samples. We also genotyped the additional low-frequency (1-5% MAF) nonsynonymous variants (NSVs) found in the 1000 Genomes HapMap Japanese in Tokyo, Japan (JPT) samples (n = 100 samples; http://browser. 1000genomes.org) but not in our sequence data. Because there is not a well-accepted standard method used to identify genes harboring disease-associated rare and low-frequency NSVs, we applied three different burden tests to evaluate the collection of NSVs found for each of the 21 genes tested. Disease association was determined by stringent criteria requiring significant association (P < 0.05 adjusted for 21 genes tested; P < 0.0024) by at least one burden test and a corroborating test with at least nominal significance (P < 0.05).
In the first stage, 82 rare and low-frequency NSVs (MAF ≤ 5% either in cases or controls) were validated (Tables S1 and S2). Call rates for variants were higher than 98%. After removing one variant in MEFV because of linkage disequilibrium with another variant, we applied the three burden tests to the collections of independent NSVs found in each of the 21 genes tested. Permutation was performed 1,000,000 times to test for significance. By the C-alpha test, a statistical test developed to account for a mixture of risk, protective, and neutral effects within a set of rare variants (11), we found significant association (P < 0.0024) for IL23R (5 NSVs, permuted P = 3.9 × 10 −4
) and nominally significant associations (P < 0.05) in IL1R1 (3 NSVs, permuted P = 0.021) and TLR4 (6 NSVs, permuted P = 0.043) in Japanese BD (Table 1 ). Both the data-adaptive sum test (12) and the step-up test (13) , which are alternative approaches to test for associations of collective rare and low-frequency variant effects (Materials and Methods), showed significant association (P < 0.0024) of the IL23R NSVs and nominal significance (P < 0.05) of the IL1R1 NSVs (Table 1) .
To account for the predicted effects on proteins of the variants as a priori information in the statistical analysis, we used computational protein prediction programs (SIFT (http://sift.jcvi. org) or PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2) to obtain prediction categorization of the variants and limited the analysis to variants predicted to be damaging (Materials and Methods). By the C-alpha test, in addition to IL23R, which retained significance after the filtering (with 2 damaging variants, permuted P = 3.5 × 10 −4 ), NOD2 was also nominally significant (6 damaging variants, permuted P = 0.036). All 6 of the damaging NSVs of NOD2 were also rare (MAF < 1% in either case or control participants), and therefore showed the same significance for disease association (Table 1) .
Discovery and Validation of Rare and Low-Frequency NSVs in Targeted
Genes in Turkish Samples. In stage 2, rare and low-frequency variants in the 10 GWAS genes (IL23R, IL10, CCR1, STAT4, KLRK1, KLRC1, KLRC2, KLRC3, KLRC4, and ERAP1), three autoinflammatory pathway genes implicated from stage 1 (IL1R1, NOD2, TLR4), and MEFV were selected for resequencing in the Turkish population (384 case participants and 384 control participants). We applied the same method used in stage 1 (Fig. S1 ). Ninety-seven rare and low-frequency NSVs from the resequencing were subsequently validated by TOF-MS or TaqMan assays (Tables S1 and  S3 ). After removing 4 variants because of linkage disequilibrium, the results of C-alpha testing in 1,933 patients with BD and 1,872 control participants were significant (P < 0.0024) for IL23R (11 NSVs, permuted P = 0.0014) and nominally significant (P < 0.05) for TLR4 (11 NSVs, permuted P = 0.0029) and NOD2 (26 NSVs, permuted P = 0.023) ( Table 1 ). To support the findings by C-alpha test, we performed two additional burden tests (the adaptive sum and step-up tests), as we did for the Japanese samples. TLR4 and IL23R showed P < 0.05 in the adaptive sum and/or the step-up tests, supporting their associations identified by the C-alpha test (Table 1) .
Limiting the analysis to damaging variants improved significance for IL23R (7 damaging NSVs, P = 9.9 × 10 −4 ), NOD2 (19 damaging NSVs, P = 0.019), and TLR4 (5 damaging NSVs, P = 0.0028). Furthermore, rare damaging variants in TLR4 (4 rare damaging NSVs, P = 0.048) and NOD2 (19 rare damaging NSVs, P = 0.019) also showed nominal significance.
A meta-analysis combining the C-alpha test results from the Japanese and Turkish populations for IL23R, TLR4, and NOD2 showed that low-frequency and rare NSVs in IL23R (P = 6.9 × 10 −5 ) and
) were significantly associated with BD (P < 0.0024) ( Table 1 ). These significant associations were additionally supported (all with P ≤ 0.015) by both the adaptive sum and step-up tests (Table 1) . Predicted damaging and rare damaging variants in NOD2 were found to be nominally associated with BD (P < 0.05) in the C-alpha test meta-analysis and were further supported with nominal significance by the adaptive sum and step-up test meta-analyses. Positions of the low-frequency and rare NSVs we identified in IL23R, TLR4, and NOD2 are shown in Fig. 1 .
MEFV M694V Associated with BD in the Turkish Population. MEFV rare and low-frequency variants (25 NSVs) also exhibited significant association with BD in the Turkish population (C-alpha permuted P < 1.0 × 10 −6 and adaptive sum permuted P = 4.0 × 10 −6 ). Mutations in this gene are responsible for the recessive autoinflammatory disease familial Mediterranean fever (FMF), for which a high carrier rate has been found in Mediterranean populations, suggesting a selective advantage of the FMF-associated alleles (14) . FMF-associated variants have previously been suggested to play a role in BD (15, 16) . A closer look at the MEFV variants showed that the significance was primarily derived from a single FMF mutation, p.Met694Val (M694V) (without M694V, C-alpha permuted P = 0.14), indicating that variants such as p.Met680Ile and p.Val726Ala, which are two other mutations commonly responsible for FMF in this population (14), do not confer strong risk for BD in the heterozygous state (Table 1 and Table S3 ). M694V has been recognized as a highly penetrant FMF variant that is associated with more severe inflammatory manifestations of FMF, including increased risk for amyloid deposition (14) . Furthermore, this same allele has been identified as a risk factor for ankylosing spondylitis (17) and inflammatory bowel disease (18) in the Turkish population, suggesting that MEFV M694V predisposes or contributes to particular inflammatory conditions. This variant was not found in the Japanese population, nor was an association of MEFV rare and low-frequency variants found in Japanese BD. In the Turkish samples, the MEFV M694V allele by itself achieved genome-wide significance (allelic test P = 1.79 × 10 −12 ; odds ratio [OR], 2.65), which was not identified by GWAS (2, 4), presumably because this mutation was not represented by the GWAS single-nucleotide polymorphisms (SNPs). Furthermore, heterozygous carriage of the allele without a second exon 10 mutation was associated with significant BD risk (genotypic test, P = 2.79 × 10
; OR, 2.73; 178/1,933 patients with BD and 67/1,872 control participants carried the M694V allele without another exon 10 mutation).
Discussion
Identifying disease-associated rare or low-frequency variants is hindered by the low power of such analyses in conventional single-variant association tests. We therefore used three different burden tests developed to increase power by combining the rare and low-frequency NSVs of a gene and evaluating their collective effect. The C-alpha test was recently developed by Neale et al. (11) to robustly evaluate genes containing both risk and protective alleles by testing for a nonrandom distribution of the set of variants in the case and control participants. A nonrandom distribution indicates that the set of rare and lowfrequency variants contributes to disease risk. Two other burden tests using a regression model with grouped variants allowing both deleterious and protective alleles, the adaptive sum test (12) and the step-up test (13) , were also applied. The adaptive sum test is a data-driven approach to determining the direction of variants for a subsequent sum test. The step-up test incorporates the weights of the inverse of the MAF in control participants and employs an optimal selection strategy for aggregating variants.
No single-burden test is recognized as a gold standard method for testing the association of rare variants. Because the three different methods use different information from the data, we sought consistent results across two or more burden tests, requiring a minimum combined rare and low frequency nonsynonymous variants from targeted genes in 528 Japanese BD cases and 586 controls, and 1,933 Turkish BD cases and 1,872 controls. Genes with no rare or low frequency NSVs are not shown. *P < 0.05 (nominal significance) and **P < 0.0024 (significance correcting for 21 genes) after permutation 1,000,000 times for C-alpha test and 10,000 times for adaptive sum and step-up tests. NA, not applicable due to lack of variants in either cases or controls, an absence of predicted damaging variants, or detection of a single variant, which cannot be evaluated by the adaptive sum or stepup tests. Meta-analyses (Stouffer's weighted Z-method) of the Japanese and Turkish association data for IL23R, TLR4, and NOD2 are shown. a Includes all validated nonsynonymous variants with MAF ≤ 5% in either cases or controls. Indicates P values after permutation including only variants predicted to be damaging. Includes damaging variants with MAF < 1% in either cases or controls. P < 0.0024 in one test and P < 0.05 in the second test, to provide robust evidence for association in our study. Using these criteria, we find robust evidence for the association of rare and low-frequency NSVs in IL23R and TLR4 with BD. We also found a strong association of a single NSV, the M694V FMF mutation of MEFV, with BD in the Turkish population.
Although our study includes the largest collection of patients with BD yet reported for a genetic analysis, our ability to identify genes with disease-associated NSVs among the group of genes tested was limited by the number of samples used for variant discovery (382 Japanese case participants, 384 Japanese control participants, 384 Turkish case participants, and 384 Turkish control participants) and by the total number of case and control participants genotyped (2,461 case participants and 2,458 control participants). Thus, some of the other genes we sequenced may also have disease-influencing variants, but despite applying burden tests, our study may be underpowered to detect their effects. The association of rare and low-frequency NSVs in IL23R, one of the genes identified by GWAS, further supports its role in BD. Among the IL23R NSVs, most of the significance was derived from two low-frequency variants with protective effects (higher frequency in control participants than in case participants): p.Gly149Arg (G149R) in the Japanese population [allelic test OR, 0.54; 95% confidence interval (CI), 0.39-0.75] and p.Arg381Gln (R381Q) in the Turkish population (allelic test OR, 0.68; 95% CI, 0.54-0.85). These variants are also protective for Crohn disease (Table 2) (7), suggesting that BD and Crohn disease may share some pathogenic cytokine response pathways.
Conditional analysis and linkage disequilibrium showed that association of the IL23R low-frequency coding G149R NSV was independent of the previously reported disease-associated common variant rs1495965 in the Japanese samples (455 Japanese case participants and 596 control participants: r by conditioning on R381Q). In this study, we found that rare and low-frequency NSVs in two genes of innate immunity, MEFV and TLR4, were associated with BD, suggesting that innate immune responses directed against bacterial components are involved in the pathogenesis of BD. TLR4 is a sensor for the bacterial component lipopolysaccharide (LPS) (19) . On LPS stimulation, neutrophils and monocytes produce inflammatory cytokines such as TNF-α, which is a recognized target for the treatment of BD. Two of the TLR4 variants, p. Asp299Gly (D299G) and p.Thr399Ile (T399I), that we found in the Turkish population have previously been associated with hyporesponsiveness to endotoxin (20) . Although these hyporesponsive variants have previously been associated with risk for Crohn disease (21), they were apparently protective for BD [D299G: OR, 0.64 (95% CI, 0.47-0.86); T399I: OR, 0.82 (95% CI 0.63-1.06); Table 2 ].
Although NOD2 did not meet our stringent criteria for robust disease association, analyses limited to the damaging or the rare damaging NSVs were nominally significant in our meta-analysis across all three burden tests (Table 1) . Three coding variants in NOD2, p.Arg702Trp (R702W), p.Gly908Arg (G908R), and p.Leu1007fsinsC (L1007fs), that are associated with risk for Crohn disease were present in the Turkish samples, but not in the Japanese samples. These Crohn disease-associated alleles, previously shown to reduce responses to MDP (22) , showed BD protective effects (OR, 0.40, 0.66, and 0.38, for R702W, G908R, and L1007fs, respectively; Table 2 ), which is also consistent with three previous reports in which these Crohn disease-associated alleles were reported at a lower frequency in patients with BD than in healthy control patients (23) (24) (25) . These data suggest that some inflammatory processes seen in Crohn disease are distinct from those seen in BD. Interestingly, the locations of the Japanese and the Turkish NOD2 NSVs differ: the Japanese variants cluster around the nucleoside triphosphatase NACHT domain, whereas the Turkish variants cluster at the leucine-rich repeat end of the protein (Fig. 1) , perhaps reflecting the differences in the frequencies of colitis in BD observed in these populations, which is low among Turkish patients but high among Japanese patients with BD. Functional analyses of the uncharacterized NOD2 variants will be required to better understand their possible roles in disease, which may be BD-specific and different from Crohn disease. The role of MEFV in human disease is not fully understood; however, current evidence suggests that FMF-associated MEFV variants are gain-of-function mutations leading to increased responsiveness to bacterial products (26) . Mice bearing the FMF mutation MEFV M694V activate caspase 1 more efficiently than wild-type mice, which results in overproduction of interleukin 1β when stimulated by LPS alone (26) . The strong association we found of MEFV M694V with BD risk links innate immunity to BD.
The BD risk-associated coding alleles with known functions of TLR4, NOD2, and MEFV are all associated with greater responsiveness to bacterial products than the disease-protective alleles, suggesting that robust host responses to microbes contribute to the inflammation of BD. We recently found a BDassociated common SNP near CCR1, the C-C motif chemokine receptor 1, a receptor that is important for the recruitment of effector immune cells to sites of inflammation. Unlike the functionally characterized TLR4, NOD2, and MEFV BD-associated coding alleles, the BD-associated noncoding CCR1 allele is associated with reduced gene function (4), which could impair microbial clearance. Taken together, the genetic data suggest that both impaired microbial clearance and exuberant host responses contribute to BD susceptibility.
Although BD has features of innate immune response dysregulation, the previous GWAS failed to identify diseaseassociated common variants in genes of innate immunity. Deep resequencing of targeted genes in BD, however, led us to identify disease-associated rare and low-frequency NSVs in genes involved in innate immunity, as well as in adaptive immunity, suggesting that both innate and acquired immune interactions between host and microbes play important roles in the pathogenesis of BD.
Materials and Methods
Patients. The study consisted of stages 1 and 2, as shown in the diagram in Fig.  S1 . In stage 1, Japanese BD and control samples included in the previously reported GWAS were used (3). All of the Japanese patients with BD fulfilled Japanese BD diagnostic criteria (3). For stage 2, both the Turkish patients with BD and control participants enrolled in the previously reported GWAS (2) and an additional similarly collected 815 case participants and 627 control participants were included (4). Turkish patients with BD fulfilled the International Study Group Diagnostic Criteria for BD (27) . We excluded individuals who also met the Tel-Hashomer clinical criteria for the diagnosis of FMF (28) from the Turkish GWAS collection (n = 6). All study participants provided written informed consent, and the study was approved by the ethics committees of all of the investigative institutions.
Pooled DNA. Pooled DNA was prepared as previously described, with modifications (5). Concentrations of genomic DNA were measured by Quant-IT dsDNA high-sensitivity kit (Invitrogen) in triplicate and then adjusted to 10 ng/μL. Eight DNA pools from patients with BD (n = 382 or 384) and 8 pools from healthy control participants (n = 384) were prepared for both the Japanese and Turkish collections. Each pool consisted of up to 48 equally represented samples, resulting in up to 96 alleles per pool.
PCR of Exons from Targeted Genes. For stage 1, IL10, IL23R, CCR1, STAT4, KLRK1, KLRC1, KLRC2, KLRC3, KLRC4, and ERAP1, identified by previous GWAS, and genes involved in autoinflammatory diseases or innate immunity (MEFV, NLRP3, PSTPIP1, NOD2, TNFRSF1A, TLR4, IL1B, IL1RN, IL1R1, CASP1, and PYCARD) were selected for deep resequencing. Primers, PCR conditions, and DNA polymerases (LA Taq, Takara; Advantage GC-rich LA kit, Clontech; and AmpliTaq Gold, Applied Biosystems) used in the study are listed in Table S4 . PCR was performed using pooled DNA as the template. All of the PCR amplicons were visualized by agarose gel electrophoresis [E-Gel 96, 2% (wt/vol) agarose, Invitrogen]. Estimated equimolar amounts of all of In stage 2, IL10, IL23R, CCR1, STAT4, KLRK1, KLRC1,  KLRC2, KLRC3, KLRC4, ERAP1, TLR4, NOD2, IL1R1 , and MEFV were selected for resequencing in the Turkish BD collection DNA pools.
DNA Fragmentation. Combined PCR amplicons were sheared with the S2 Adaptive Focused Acoustics 200-bp protocol (Covaris). Fragmented DNAs were further purified by QIAquick PCR Purification Kit (Qiagen) and analyzed with high-sensitivity DNA chips on a 2100 Bioanalyzer (Agilent Technologies).
Library Preparation. Adapters were ligated to the fragmented PCR products with a ChIP-Seq DNA sample prep kit (Illumina) according to manufacturer's protocol with modification. Fragmented PCR amplicons (100 ng) were treated with T4 and Klenow polymerase (20°C for 30 min) to make blunt-end DNA. After the addition of adenine to 3′ ends (37°C for 30 min), adapters were added and incubated at room temperature overnight. After purification with Ampure XP (Agencourt Bioscience), the ligated products were amplified by 14 cycles of PCR. After purification by Ampure XP, samples were loaded onto 2% (wt/vol) agarose gels, and DNA fragments of ∼220 bp were extracted by MinElute Gel Extraction Kit (Qiagen). DNA was quantified by the 2100 Bioanalyzer and adjusted to 1.5 μM in 0.1% Tween in TE.
Deep Sequencing and Data Quality Control. Resequencing was performed by Genome Analyzer IIx (Illumina) with a single-end 36-cycle sequencing kit V4 (Illumina). Data were aligned and SNPs detected by CASAVA 1.6 software, allowing 4 mismatches in 36-bp reads. We also used Wheeler Aligner (http://biobwa.sourceforge.net) for the alignment, the Genome Analysis Toolkit (www. broadinstitute.org/gsa/wiki/index.php/Main_Page) for realignment and recalibration, and Samtools (http://samtools.sourceforge.net) to analyze per base coverage. Quality of resequencing was evaluated by FastQC software (Babraham Bioinformatics). Depth of coverage for each pool is shown in Fig. S2 . All of the pools achieved mean coverage >2500× (>50× per sample and >25× per allele). A >500× coverage was achieved for 84% and 96% of the targeted nucleotides in the Japanese pools and Turkish pools, respectively.
We first randomly selected 177 of 275 variants called in the Japanese pooled DNA libraries and validated them by TOF-MS (iPLEX, Sequenom) in all of our Japanese samples (528 case participants and 586 control participants), including the variant discovery samples. All samples had call rates higher than 90%, and the call rates of all validated SNPs were higher than 98%. Among the validated variants, we compared the MAF estimated by resequencing and based on the individual genotypes in each pool. The results showed good agreement between the two methods, indicating that pooled DNA preparation and resequencing gave good estimates of the actual allele frequencies (Fig. S3) .
We found a substantial number of false-positives from the initial analysis (93/177; 52.5%). Many of the false-positive SNP calls were from nucleotides with low coverage (<500×), from low-quality pools with a quality score lower than 20 at any bp position, or from variants that were common (MAF > 4%) in any of the pools but not found in the 1000 Genomes project data.
On the basis of this experience and our interest in the rare and low-frequency variants, we applied the following criteria to select subsequent variants for validation: the variant call must come from a nucleotide with sequence coverage >500× (i.e., >5×/allele in a pool of 48 DNAs) and must have an estimated MAF >1% in at least one pooled DNA; the call or calls must come from pools with high-quality scores (resequencing was repeated for low-quality pools; 2 pools from stage 1 were repeated); variants with an estimated MAF > 4% in any of the DNA pools, but not found in 1000 Genomes data or the Infevers database (for MEFV, NOD2, PSTPIP1, and TNFRSF1A, http://fmf.igh.cnrs.fr/ISSAID/ infevers), were omitted; and variants for validation were limited to nonsynonymous coding variants with pooled DNA estimated average MAF < 10%. After filtering the variant calls for the first three requirements, the transition/transversion ratio from resequencing the Japanese pools was 1.8, and from the Turkish pools it was 3.0.
Rare and low-frequency, nonsynonymous coding variants within the targeted gene exons fulfilling these criteria were selected for validation with TOF-MS. We also tested any additional low-frequency (1-5% MAF) coding NSVs within our targeted genes from HapMap 1000 Genomes data (HapMap JPT for the Japanese collection and CEU for the Turkish collection). All of the validated rare variants (MAF < 1% in a sample collection) were evaluated to determine whether they were found by individual genotyping in one of the DNA samples from the pool in which the variant was called. If the pool did not contain a sample with the variant, the TOF-MS of any DNA sample with a missing genotype was repeated. Thus, for all of the validated rare variants, every pool containing the variant by resequencing contained at least one sample with the variant by MS-TOF. In addition, if a rare variant was found in a DNA specimen from a pool in which the resequencing failed to detect a variant, Sanger sequencing was performed to determine whether the MS-TOF result was a false-positive. A comparison of the number of pools containing a variant identified by resequencing and by TOF-MS for all of the validated rare variants (in genes IL10, IL23R, IL1B, IL1R1, IL1RN, NLRP3, MEFV,  TNFRSF1A, PSTPIP1, CASP1 , PYCARD, NOD2, and TLR4) also agreed well (Fig.  S3 D and E) .
Validation and Additional Genotyping. All of the called SNPs from resequencing were validated with iPLEX assays (Sequenom), as previously described (2), by genotyping the samples from the DNA pools and were further analyzed by genotyping additional samples. The number of samples genotyped was as follows: stage 1 (528 Japanese case participants and 586 Japanese control participants from previous GWAS) and stage 2 (1116 Turkish case participants and 1249 Turkish control participants enrolled in previous GWAS and an additional 817 Turkish case participants and 623 Turkish control participants). For all of the variants that failed TOF-MS design or reaction, TaqMan genotyping was performed (Applied Biosystems). Genotyping was performed in an unbiased fashion by masking the phenotype of the samples.
Statistical analysis. All statistical analyses were performed in each population separately. Calculation of odds ratios, principal component (PC) analysis to evaluate whether the low-frequency variants clustered in a genetically identifiable subset of the population, and LD calculations among validated variants were performed by SVS v7.5.2 software (Golden Helix). For coding variants in linkage disequilibrium (r 2 > 0.8 and/or D′ > 0.8), we included only one in the gene-based burden tests, selecting the one predicted to be damaging (Tables S2 and S3 ). For TLR4 D299G/T399I, we included the lowerfrequency D299G variant. The individuals with the low-frequency alleles were distributed throughout the population cluster by their locations on PC1 and PC2, showing that these alleles were not limited to a genetically defined subset of the population (Fig. S4) . The C-alpha test and permutations were performed with an R script (kindly provided by Benjamin Neale, The Broad Institute of MIT and Harvard, Cambridge, MA) (11) .
Singleton variants (found in only one sample) within a gene were combined for the analysis, as described (11) . C-alpha test statistic P values < 0.05 after 1,000,000 permutations were considered nominally significant. We also performed two other burden tests based on a regression model, the adaptive sum test (12) and the step-up test (13) , to corroborate the results from C-alpha test. These two methods were designed to take into consideration opposite direction effects (protective and deleterious) when combining the variants. For the adaptive sum test, we preselected 0.1 for the alpha value, which is the marginal regression P value cutoff for the decision to flip the coding of opposite directional variant genotypes to generate one direction for all variants, as suggested by previous research (12) , for the subsequent sum test per gene. The step-up test incorporated three aspects in the generalized regression model for testing association: the direction of variant effects, the weights of the inverse of the minor allele frequencies in control participants, and the selection of the best combination of rare variants included in a single aggregated group in a manner similar to forward stepwise regression. We used 10,000 or 50,000 permutations for obtaining P values in both tests and performed tests using R v2.14.1 with the script released by Han and Pan (12) for the adaptive sum test and using R package "thgenetics" v0.3 for the step-up test. For each gene, we tested association between disease and the gene, using subsets of validated variants classified as "Damaging variants" or "Rare damaging variants." Damaging variants were those encoding premature stop codon and frameshift mutations and those missense changes predicted to be deleterious by either the computational protein prediction program, SIFT (either "damaging with low confidence" or "damaging") (29) or PolyPhen2 (either "possibly damaging" or "probably damaging") (30) . Rare damaging variants were the subset of damaging variants with MAF < 1% in either case or control participants from the appropriate population.
Significant association (correcting for 21 genes) had P value < 0.0024. For genes with at least nominal significance (P < 0.05) in each population, we performed a meta-analysis to combine the data from the two populations using Stouffer's weighted Z-method (31) . Genes with robust evidence for disease-associated rare and low-frequency variants were those with significant association (P < 0.0024) by at least one burden test and that also had one or more corroborating test or tests with at least nominal significance (P < 0.05) for the same variant collection, either within a single population or in the combined population meta-analysis.
